Abstract. The shear stresses and pressures in the socket
INTRODUCTION
A lower member prosthesis is an artificial device used to replace completely, or a portion of the missing lower member. It has different components according to the level of amputation, including a foot, a socket, and a joint between both, and in the case of transfemoral amputees, a prosthetic knee. The socket is the element of the prosthesis that is in direct contact with the patient, which is why its design is fundamental for the patient's perception of comfort when wearing the prosthesis [1] .
A prosthesis is usually a handmade piece, and the knowledge and experience of the prosthetist is fundamental in the fabrication process, since there is no step by step manual which standardizes this procedure, and it varies according to each specialist and patient. Because of this it becomes difficult to standardize the final product and it is difficult to generalize the troubles of some amputees to all the other cases, since most of the problems are due to the prosthesis's shape.
It is estimated that 200-300 out of 100,000 individuals require amputation. This number is calculated considering that approximately 10% of the population has some sort of disability, and that 5% to 10% of the handicapped individuals are amputees. 85% of all amputations are due to peripheral vascular disease with or without diabetes, 10 -12% are due to traumatic origin, and 3 -5% to other complications [2] .
The experimental methods available to measure pressures and stresses in the socketstump interface only provide approximations of localized points due to the complexities associated to the measurements. The Finite Element Method serves as a complement to the experimental measurements, and the measurements serve to validate the method [3] [4] . In order to recreate as accurately as possible the stress and pressure distributions in the socket-stump interface of an amputee each study has a different emphasis according to certain simplifications and suppositions.
The objective of this investigation is to give continuity to a series of studies that have originated from a global project between the Universidad Nacional de Colombia Medellin Campus, and the Universidad de Antioquia, dealing with the study of the perception of comfort of transfemoral amputees with their prosthesis [5] , and the analysis of the parameters that vary the stress distribution, such as the length of the stump [6] and the search of engineering solutions that improve the quality of life of these individuals.
DEVELOPMENT AND METHODOLOGY
In this investigation four individuals with transfemoral amputation were studied, each with a different age, gender, and amputation length. The subjects' data is presented in Table  1 . In order to produce the CAD models a 3D scanner was used for the socket and the stump, and a series of tomographies were used to produce the geometry of the bone. This information was then imported into the SolidWorks 2010 software to be digitized.
The stump was divided into three constitutive layers Figure 1 . These are the skin, the fat, and muscle, in order to simulate the conditions as accurate as possible, and to analyze the influence of each layer on the final results. The skin and fat have an approximate average thickness of 2 mm and 4 mm respectively, and the remaining portion of the stump is muscle [7] . 
2.1.FiniteElementModel
The initial considerations taken into account when producing the model included the fitting of the socket by the amputee and its analysis under the most critical loads during the gait. In order to produce an accurate model of the fitting procedure, the model was divided into three analysis stages, which included the motion phase, the relaxation phase, and the load phase.
Motion: This stage accounted for the vertical motion of the socket during the fitting stage, from a configuration in which there is no contact with the stump to its final configuration in which it contains all of the soft tissue and bone.In this step, the amputees facilitate the fitting (sliding) of the socket using a thin sock or a liner, that reduces the friction coefficient, and therefore allows for a smoother fitting. Because this stage has specific characteristics that cause it to differ from the other two, it was considered as an independent stage. Also, the greatest relative movement of the socket with respect to the stump occurs during this stage.
During the motion step, the soft tissue must deform considerably in order to be contained by the socket which has a specific geometry. Figure 2 shows the fitting procedure of the socket. 
Relaxation:
The relaxation phase is considered as a transition phase between the motion phase (the socket's final configuration) and the exertion of the load. In this step, a three second interval was established to allow the soft tissue to adjust to the socket's geometry and to dissipate the changes occurring as waves or creases in the skin, product of the considerable deformations that occurred during the motion step.
Load: During this phase the most critical load of the gait phase is applied. This load is located on the rigid part of the socket, where it joins the rod of the thigh. It can reach magnitudes of up to 120% of the individual's body weight, and it is produced at the beginning of the initial support phase, and at the end of the initial and final support phases with a horizontal load representing 7% to 10% of the individual's body weight. This step is applied after the relaxation phase, and lasts for 0.1 seconds. In this phase, the relative motion between the socket and stump is not considered.
The main consideration accounted for when this investigation was performed was the fact that the soft tissue, such as the skin, fat and muscle were treated as hyperelastic, homogeneous and isotropic materials, with a density of 1000 Kg/m 3 [8] .Using the Mooney-Rivlin generalized deformation Equation 1, the constitutive parameters C 10 , C 11 , D 1 [7] were introduced into the ABAQUS V.6.9.2.software.
Where are invariable stresses of the main tensor and are constants determined by experimentation.
The bone and the polypropylene socket were assumed as lineal, homogeneous and isotropic materials. The properties assigned to each of the materials are presented in Table 2 and  Table 3 . This fixture was added because in the initial support phase there is no relative movement of the acetabulum with respect to the hip, due to the effect of the muscles on the femur. This restriction allows the load transfer to the hip joint.
Figure 3 : Fixing of the Acetabulum
A Tie type restriction was applied to the skin-fat and fat-muscle interfaces, and to the muscle-bone interface, since this interface was assumed as adhered. The loads and torques that were applied in the linkage of the socket and the prosthesis [12] to perform the simulation were extracted from a previous study that extrapolated the static gait analysis of a human without disability to the gait of transfemoral amputee. The data is shown in Table 4 . The load application point was established in the joint of the socket and the rod of the prosthesis that serves as a connection to the rest of the components. In this point the socket was considered as a rigid body, as shown in 
Reference Models
Different reference models were generated for each individual, varying the friction coefficient between the polypropylene and the skin from 0.5 to 1. Upon completion of the simulations, a 10 cm wide horizontal high-stress strip was identified in all of the models, approximately 2 cm below the ischial support as shown in Figure 5 . 
Optimized Models
After identifying the location of the strip a partition was made on the socket that allowed the modification of the friction coefficient in the area of interest (the strip), regardless of the global friction coefficient of the model. Once the modification was performed to the socket (without altering the material), the global friction coefficient was set to 0.9 [7] , and the friction coefficient of the red strip shown in Figure 6 was varied from 0.2 to 0.6.
Experimentation

Design of the Experiment
To produce this work, a 2 k factorial type experiment was performed, meaning that it consisted of 2 levels and "k" factors. The factors included hirsuteness, sweatiness, and texture, and the experiment was designed in the MINITAB 16 software. Table 5 shows the 16 configurations of the experiment and their measurement order in the 2 3 factorial experiment with a replica (-1 indicates a lack of the factor, and 1 indicates the presence of the factor). 
Considerations of the Factors
Hirsuteness: In order to test the high hirsuteness levels the individual's right arm was left in original conditions, and to test the low levels the left arm was shaved.
Sweatiness: The high sweatiness levels were assessed with an artificial sweat solution prepared according to the NTC5221 standard, applying a thin layer (spray) between the skin and the indenter. In order to assess to low sweatiness levels the area was left clean and dry.
Texture: The coatings of the indenters were produced using a mold. For the high levels a 100% Nylon sock was employed, to simulate the fabrication process. This leaves a series of prints in the coating. The low texture levels were simulated leaving only the mold to prevent the markings from originating on the surface.
Using a surface roughness measuring device, as shown in Figure 7 -a. (property of the Universidad Nacional de Colombia Sede Medellín Campus) it was possible to obtain the primary profiles of both coatings of the indenters that were used in the experiment, as shown in 
Determining the Friction Coefficient of the Polypropylene-Skin Interface
Once the experiment was organized, the most pertinent measurements were performed in a sclerometer (property of the Universidad Nacional Sede Medellín), as shown in Figure 8 .
The 16 measurements were performed on the same individual in order to block any factor that could affect the friction coefficient, such as the tone and moisture levels of the skin, the body mass index, the individual's physical activity, etc. All measurements were performed on the same day, to account for the factors that could not be controlled, including the relative humidity and temperature. Also, the equipment was calibrated to ensure that the data was as precise as possible. Figure 9 shows the typical behavior of the 16 measurements, where the friction coefficient increases proportionally to the displacement until it reaches the maximum value, and decreases slightly until it reaches a stable value. This means that while the friction coefficient increases lineally, there is no relative movement between the indenter and the skin. Once it reaches the maximum value, the indenter begins moving and the friction coefficient decreases because it surpasses the initial resistance of the skin, and when the indenter moves, the coefficient reaches a stable value, which is the objective of the measurement. The friction coefficient was identified for all 16 measurements. These values are shown in Table 6 . The analyses of the data obtained in MINITAB 16 are displayed in Table 7 , and show the importance of the factors in the experiment. In order for a factor to be significant, the p-value (p) must be below 0.005. Table 7 also accounts for 90.56% of the data (R 2 ). The Hirsuteness, Sweatiness, Texture and the combination between the sweatiness and texture are significant and affect the behavior of the friction coefficient between the polypropylene and the skin.
RESULTS AND ANALYSIS
Once all the simulations for the reference models were completed and optimized with the respective variations of the friction coefficient between the polypropylene and the skin, the results were obtained for different variables. Considering the scope of this investigation, only the changes in the shear stresses and the pressures in the socket-stump interface were analyzed.
Reference Model
The objective of using this model is to locate an area where the highest stresses are concentrated, and to dwell on the incidence of the variation of the friction coefficient on these.
Stress Distribution
The most relevant stresses, considering the scope of this work are the pressures and the shear stresses 1 and 2. Once the simulations were completed their distributions were obtained by varying the friction coefficient. In the following figures the pressure and shear stress distributions 1 and 2 can be observed for the different subjects. These were obtained by varying the friction coefficient between the stump and the socket from 0.5 to 1.0. In Figure 10 a 10 cm wide horizontal strip can be identified below the ischial support where the pressures and shear stresses are concentrated. The magnitudes shown in the figure are comparable to those reported in similar works [5] . The shear stresses present a high stress concentration gradient which is not convenient because it increases the risk of generating injuries in the soft tissue. This stress concentration gradient may be attributed to the use of hyperelastic materials in the simulation, which better accommodate to the socket's geometry. Figure 11 shows the behavior of the average shear stress after varying the friction coefficient, which tends to be lineal, and proportional to the friction coefficient. This behavior is similar to the one reported for a transtibial amputee [13] [14] . The average pressures did not present a behavior similar to that of the shear stresses. Figure 12 shows a more stable tendency, and does not present a significant change when varying the friction coefficient. A behavior different to the one presented in this work is reported; however the model used was much simpler [13] , from a transtibial amputee, and the soft tissues were treated as elastic. 
Optimized Model
The produced socket was modified by altering the friction coefficient within the previously mentioned strip from 0.2 to 0.6, while leaving the global friction coefficient in a set value (0.9) Figure 13 shows the stress distribution on the skin, when varying the friction coefficient on the strip. The stress distribution was analyzed for the pressure, the shear stress 1, and the shear stress 2. The results obtained for the optimized model show similar tendencies to those obtained in the reference model, since shear stresses and pressure concentrations are present in the same place, generating a horizontal strip below the ischial support. Figure 14 shows the same behavior identified in Figure 11 which corroborates the concept that the friction coefficient directly affects the values of the resulting shear stresses. Upon analyzing the results, the optimized model with a friction coefficient in the strip of 0.2, and a global friction coefficient of 0.9 was selected as the most adequate, since this one produced the lowest values for the resulting shear stress. This model was compared to the model without the strip with an assigned friction coefficient of 0.9 to the entire socket-stump interface. The results (pressures and shear stresses) are presented in Table 8 . 
Stress Distribution
CONCLUSIONS
The selection of the soft tissues (skin, fat and muscle) as hyperelastic materials proved to be an asserted procedure, as these behaved like the real materials. The results are strictly comparable to those found in similar works; also the deformation process of the real tissue is physically compatible to the one observed in the simulation.
A horizontal strip was identified below the ischial support, where the pressures and shear stresses concentrate. These large stress concentrations occurred because the soft tissues were treated as hyperelastic materials, since these duplicate more effectively the geometry of the socket when they deform.
It was demonstrated that the friction coefficient between the polypropylene and the skin directly affects the value of the shear stresses, upon which the socket was modified by reducing the friction coefficient in the proposed horizontal strip. When the shear stresses are decreased, the risk of soft tissue damage is reduced.
The multilayer model is the most adequate to mimic the stress distribution in the stump with respect to the entire model, since the physical properties of the soft tissues are differentiated. This allows the simulation to deform in a way similar to the real phenomenon.
The friction coefficient between the polypropylene and the skin was modified by varying the surface texture of the coatings. From the results of the analysis it can be concluded that the texture indeed affects the average value of the friction coefficient. Therefore, a detailed study is proposed which deals with the influence of the tribological parameters, such as Ra and Rq measured on the internal surface of the socket on the friction coefficient.
The average shear stresses were reduced up to 25% after varying the friction coefficient on the strip. This proves that when changing the surface texture on the proposed strip a considerable improvement of the stress distribution can be obtained.
The models developed serve as a basis for future studies with more complex models that account for the interaction between the muscle and the bone, and simulate the stress distribution in the stump when negative pressure is applied on the sockets with a suction valve.
